Abstract: Mid-infrared quantum cascade laser spectroscopy is used to noninvasively predict blood glucose concentrations of three healthy human subjects in vivo. We utilize a hollow-core fiber based optical setup for light delivery and collection along with a broadly tunable quantum cascade laser to obtain spectra from human subjects and use standard chemo-metric techniques (namely partial least squares regression) for prediction analysis. Throughout a glucose concentration range of 80-160 mg/dL, we achieve clinically accurate predictions 84% of the time, on average. This work opens a new path to a noninvasive in vivo glucose sensor that would benefit the lives of hundreds of millions of diabetics worldwide. 
Introduction
Diabetes is a disease that adversely impacts the lives of hundreds of millions of people worldwide [1] . The realization of a clinically accurate noninvasive in vivo glucose sensor would remove the need for them to draw blood multiple times a day, a significant improvement to the quality of life for many diabetics. Prior work towards noninvasive glucose sensing has focused predominantly on employing near-infrared light between 1300 and 1900 nm [2] . However, the lack of sufficient distinction of glucose from other proteins and acids in this wavelength range remains a challenge [3] -a challenge that is only now becoming surmountable with the use of the mid-infrared (mid-IR) spectrum, specifically targeting vibrational glucose absorption features between 8 -10 μm [4] . While the mid-IR regime presents its own unique challenges for in vivo diagnostics (namely high water absorption), we present evidence of clinically accurate glucose predictions using mid-IR Quantum Cascade (QC) laser spectroscopy of backscattered light collected from the human palm, hence opening up a new path to a noninvasive in vivo glucose sensor.
In vivo sensing of contents within human skin has traditionally been relegated to the near-IR region of the electromagnetic spectrum, due to a combination of the presence of strong absorption features for many relevant molecules within this region [5] [6] [7] , as well as low water absorption allowing for deeper light penetration into skin. Glucose has been no exception; research on developing optical noninvasive glucose sensors to improve the quality of life for diabetics for decades focused exclusively on the near-IR [2, [8] [9] [10] [11] . However, the fundamental obstacle for glucose sensing in the near IR is the overlapping absorption features the glucose molecule shares with proteins and acids found in skin, which result in increased complexity and unreliability for separating the impact of glucose on a given spectrum apart from the effect of the other absorbers in that window [12] .
The mid-IR region, often dubbed the "fingerprint" region, features strong vibrational resonances for many molecules, including glucose. Unlike in the near-IR, glucose absorption features in this region are much better distinguished from other competing absorbers [13] . The primary challenge for in vivo applications, including glucose sensing, using mid-IR light is the limited penetration depth in skin due to high water absorption. Reports of mid-IR in vivo applications are only recent and limited [14, 15] , mainly due to the fairly recent commercialization of powerful and stable enough mid-IR sources, namely QC lasers.
In 2012, we reported the ability to collect backscattered light from upper regions of the dermis layer in vitro from porcine skin [16] and in vivo from human skin [17] by virtue of the highly random angle-dependent scattering patterns detected when using a sufficiently powerful mid-IR QC laser. Having scattered light from such a depth is important because the dermal interstitial fluid (ISF) is known to have a strong correlation with blood glucose levels [18] , and blood vessels are generally too deep to reach with mid-IR light. QC lasers of the requisite stability, power, and tuning range have only been a recent development [19] . Furthermore, we reported clinically accurate detection of glucose in vitro in aqueous and serum solution [4] for physiologically significant glucose concentrations, ranging from 50 to 400 mg/dL, demonstrating the powerful potential of utilizing the vibrational resonances of glucose.
Here, we report a noninvasive in vivo glucose sensor that achieves clinically accurate predictions of physiological glucose concentrations for human subjects. The system employs regression methods on data sets of backscattered mid-IR spectra collected from the human palm via a hollow-core fiber probe, with clinical accuracy defined as a predicted value within 20% of the actual value. Changes in spectral features at glucose absorption wavenumbers corresponding to fluctuations in glucose concentrations are observed. Throughout a hundred iterations of randomly selected calibration and test sets, we obtain consistency in prediction error levels, a testament to the stability of spectral acquisition with a hollow-core mid-IR fiber probe, as well as verification of the robustness of the optical technique. In best-case scenarios, we obtain prediction errors approaching that of commercial electrochemical meters, normally requiring a finger prick and blood sample.
Experimental setup, data collection, and processing
In vivo glucose sensing using mid-IR spectra was conducted with three healthy human subjects starting on an empty stomach (glucose levels were typically around 80mg/dL at this time) to obtain spectra for their low levels. The subjects then consumed twenty jellybeans, which caused their glucose levels to first rise for about a half an hour and then decline again. Consumption of jellybeans is a standard method for efficiently increasing glucose concentrations in humans [20] . Spectra were taken at various points during this variation (calibrated with a commercial electrochemical meter) to obtain measurements for stronger glucose concentrations. This process of controlled glucose level manipulation was used over the span of several weeks to build a data set for each individual, containing spectra representing a range of concentrations between low and high points (which varied for different subjects -high points ranged from 120 -160 mg/dL). A diabetic is identified as an individual whose blood glucose concentration does not decrease to less than 140 mg/dL within two hours of a meal. For each subject, spectra representing at least nine distinguishable concentrations, as measured using a commercial electrochemical (finger prick) glucose meter (One Touch Ultra 2), were included in the data set.
Mid-IR spectra were taken using the setup depicted in Fig. 1 : Light from a pulsed Daylight Solutions Inc. external cavity QC laser with a tuning range between 8 -10 μm was focused into a hollow-core fiber (500 μm diameter, by Opto-Knowledge Systems, Inc.) responsible for delivering light onto a region of the human palm between the thumb and index finger. Laser light incident onto skin was maintained at 55kHz and 1% duty cycle with peak powers of 50 -125 mW (depending on wavenumber), resulting in average powers that were on the order of the solar radiation and within limits set by ANSI for acceptable radiation intensity on skin. Furthermore, the peak intensity incident onto skin was kept well below reported values for tissue damage thresholds [21] . Backscattered light from the skin was collected using a bundle of six fibers, identical in composition and size to the delivery fiber, arranged in a circular fashion around the delivery fiber and coupled directly to a commercial liquid nitrogen cooled mercury cadmium telluride (MCT) detector. Numerical values for a subject's blood glucose concentration level were obtained using a commercial electrochemical meter prior to the optical experiment. Up to ten spectra were taken for each concentration, with a single spectral scan taking roughly 20 seconds; upon conclusion of such a set, the subject once again obtained a reading from the commercial meter to ascertain the stability of blood glucose levels throughout the elapsed time period.
Chemo-metric prediction of principle component concentrations in a given data set usually employs partial least squares regression (PLSR), which we use to obtain predictions for glucose concentrations in this study. PLSR is a technique that combines linear regression with principle component analysis [22] , and it is optimal for situations where linearly correlated quantities are measured, such as absorbance versus concentration for this specific scenario. Additionally for this study, prediction analysis was also conducted using linear regression of spectral derivatives taken around the prominent glucose absorption feature at 1080 cm −1 , spanning from 1075 to 1085 cm −1 . By analyzing the derivatives (primarily second derivative) of the absorption spectrum within that region, the breadth and depth of the glucose absorption in a dense medium like ISF, could be better resolved (Fig. 2) . Fig. 2 . Comparison of backscattered mid-IR human spectra containing a glucose concentration of 112 mg/dL (blue) with transmission spectra of aqueous glucose solution at a concentration of 105 mg/dL (red). The strongest glucose feature represented by skin spectra occurs around 1080 cm −1 and is still directly visible in the scattering spectra from skin.
Calibration sets contained spectra for four unique concentrations and were chosen as follows. All concentrations measured for a subject were put into a matrix and different calibration sets were created repeatedly through random assignment. PLSR and derivative spectroscopy were performed independently for each random set. While the concentrations for the spectra not used for calibration would be unknown in a real life setting, having each spectra correspond to a concentration measured with a commercial meter allowed for analysis of the accuracy of the values output from regression analysis. The degree of deviation from an ideal one-to-one relationship between predicted values versus their expected values has been used as a standard metric for determining the usefulness of noninvasive glucose sensors.
Results and analysis
The standard metric for the determination of acceptable accuracy in a noninvasive glucose sensor has been the Clarke error grid [23] . The grid involves a plot of predicted glucose concentration versus expected (known) concentration, with designated zones representing the degree of harm an erroneous reading would cause for a diabetic. For example, a monitor reading of 100 mg/dL when the actual concentration is 300 mg/dL would be very harmful to a person, as no action would be taken based on the monitor reading, while in reality, the subject would need to take supplemental insulin. Clinical accuracy on the Clarke grid is defined as a prediction within 20% of the expected concentration for concentrations greater than 70 mg/dL. For concentrations under this level, considered the hypoglycemic range, a clinically accurate prediction would be a number that is also in the hypoglycemic range.
The achievement of clinical accuracy in glucose detection using human in vivo mid-IR back-scattered light can be seen in Fig. 3 . We display representative Clarke plots from three different (non-diabetic) subjects that participated in this study, using second derivative spectroscopy to predict glucose concentrations from mid-IR spectra. One can determine that the vast majority of predictions obtained, over 70% for any given individual and 84% aggregate, fall within the clinically accurate (green) regime of the Clarke grid, for concentrations as low as 75 mg/dL and as high as 160 mg/dL. Comparison of error metrics such as average percent prediction error, median error, and maximum error throughout the many iterations of randomly chosen calibration sets showed consistency -for both PLSR regression and derivative spectroscopy, average errors between best and worst iterations deviated less than 6%. Average and median errors typically differed from each other by 1-2%, with average error generally being generally higher than the median error. This indicates that a small number of inaccurate predictions were decreasing the average accuracy of a set containing a majority of very accurate predictions (this can be ascertained from Fig. 3 as well). For both PLSR and derivative spectroscopy, worst case average errors hovered around 20%, the hallmark for clinical accuracy, with best case scenarios having average errors as little as 7%.
In this study, second derivative spectroscopy performed slightly more favorably than PLSR (which tended to slightly overshoot predictions), yielding a 4% smaller aggregate average error. Additional error measurements were taken for the expected values themselves; we found the commercial meter to have a 6% variation, on average, for consecutive trials taken with minimal time lapse. Deviations in meter readings were determined to be relatively consistent for both low and high concentrations, which indicates that the reported error did not occur due to measurements during a period of change in the body's glucose levels. Accounting for a possible 6% error in expected value would work to further increase the average prediction accuracy obtained by both prediction methods. Additionally, we observed that changes in blood glucose levels corresponded to visible changes within in vivo spectral features at prominent glucose absorption wavenumbers verified by our in vitro work 4 , primarily around 1080 cm −1 . Figure 4 (top) shows batches of ten consecutively and rapidly recorded spectra representing 86 mg/dL (blue) and 112 mg/dL (red), while Fig. 4 (bottom) shows analysis of the average values of each batch at three wavenumbers -1080, 1130, and 1165 cm −1 . The spectra deviated up to 13% on average across 1040 through 1180 cm −1 with 3% of the noise originating from electronic components, and the rest occurring due to physiological tremors. Changes in detected backscattering due to glucose concentration differences were greater than the error around 1080 cm −1 , the location of a central glucose absorption feature. Here, the average signal scattered at the higher glucose concentration was 27.6% lower than the signal scattered at the lower glucose concentration, a significant difference in absorption depth. For the other two regions, where glucose does not contain prominent absorption features, the average scattered signals for both low and high glucose concentrations were within 5% magnitude and within each other's standard deviation, indicating that spectral features there were not the result of varying glucose concentrations. Figure 5(a) shows spectra for a human subject recorded in equal time intervals over the period of an hour, with benchmark blood glucose readings from a commercial monitor taken at the beginning, middle, and end of the experiment. Fluctuating glucose levels during the experiment were the result of jellybean consumption [21] . The glucose concentration peaks around the middle of the experimental time frame and decreases towards the end of the hour period, and the absorption feature widths and depths mirror the measured concentration changes. In each case, visual comparison of absorption depth around 1080 cm −1 shows increased depth in the backscattered signal for higher concentrations of glucose. Integrals were taken from 1075 to 1085 cm −1 to quantify the combined effect of increasing absorption depth and width versus concentration. Here, we observed a 16% increase in combined depth and width from 86 to 106 mg/dL, and a 41% increase from 86 to 120 mg/dL, indicating that both absorption depth and width increase with increasing concentration, a trend also seen in measurements of aqueous glucose [4] . The correlation of these spectral changes with concentration changes is verified through use of first derivative spectroscopy to predict the concentrations represented by the individual spectra. This analysis is shown in Fig. 5(b) , where one can see the prediction trend following the general trend of measured glucose concentration versus time.
Conclusions
In summary, we show that mid-IR spectra obtained in vivo from human skin yield clinically accurate predictions for blood glucose levels for concentrations between 75 and 160 mg/dL using both PLSR and derivative spectroscopy techniques. Best-case scenarios with given calibration sets yielded average errors only 2% more than those from a commercial electrochemical meter. Furthermore, glucose absorption features in mid-IR skin visibly change with respect to increasing concentration, as absorption minima increase in depth and width. Based on these results, we conclude that this application of mid-IR light to noninvasive in vivo glucose sensing yields a robust and clinically accurate system that transcends boundaries set in the past which limited the scope of mid-IR in vivo applications.
